Introduction
Freshwater is a fundamental and limiting resource, both for the development of human society and for the maintenance of biodiversity Science of the Total Environment 566-567 (2016) [1568] [1569] [1570] [1571] [1572] [1573] [1574] [1575] [1576] [1577] [1578] and functionality of aquatic ecosystems. Human demand for water is constantly increasing, chiefly for hydroelectric power production and for agricultural purposes (de Fraiture and Wichelns, 2010) . The production of hydroelectric power is a great opportunity to reduce our dependence on fossil fuels and the emissions of greenhouse gases. However, hydroelectric power plants necessarily modify the riverine ecosystems.
Scientists are challenged to define ecosystem needs clearly enough to guide policy and management strategies in order to optimize the use of water (Poff et al., 2003) . In fact, the conservation of high biodiversity and ecosystem functionality depends on the release of adequate stream flows.
Habitat-based models have been widely used to define a relationship between in-stream flow and habitat availability for various species of fish and, thus, to define the optimal or minimum flow rate (i.a. Gore et al. 1991 , Maddock 1999 , Ayllón et al. 2010 .
These kinds of models basically include hydraulic simulation and suitability curves for target species and thus define a relationship between the flow and the availability of habitat for aquatic organisms. The conceptual basis of habitat based models is ecological.
It is well known that fish and macroinvertebrates do not occupy any environment regardless of hydraulics inside the river, but they show strong preferences for certain values of the hydromorphological parameters such as water depth, current velocity, substrate size and composition (Dolédec et al., 2007; Van Liefferinge et al., 2005) . When the flow rate varies, also the depth, the current velocity and often the type of substrate that is gained/lost from the river change and, consequently, the habitat availability for the reference species in the considered stretch of river changes too. Moreover, generally the relationship among physical habitat and aquatic organism densities consider the availability of suitable physical habitat as the only limiting factor. This assumption is not always true. Production may also be limited by water quality (Kail et al., 2012; Morrissey et al., 2013) , by the activities of man (Fjeldstad et al., 2012; Hansen and Hayes, 2012) , or by events and conditions occurring at a temporal and spatial scale beyond the scope of the model application (Bonada et al., 2008; Comte et al., 2013; Menge et al., 2011) . So, some critiques to the habitat-based approach have already been done: i) habitat based models generally do not take into account the effects of flow management on macroinvertebrate populations that in many cases represent the main food source for fish (Eros et al., 2012; Lagarrigue et al., 2002; Rosenfeld and Ptolemy, 2012; Sánchez-Hernández and Cobo, 2012) , ii) the suitability curves normally deliver information about where an individual fish is likely to position itself in the river at the microhabitat scale while for the management of ecological flow mesohabitat distribution is important too. Using this information to understand the consequences at management scale (e.g., on a stretch of river) can also be questionable (Parasiewicz and Walker, 2007) .
In all cases, physical habitat is a necessary, but not sufficient condition for the production and survival of aquatic organisms. Thus, the results of habitat based models may best be viewed as indicators of population potential in systems where the habitat conditions described by the model are major population constraints. In this perspective, the use of density-environment relationships that show the limiting effects of the habitat characteristics and not the average effects of the same variables seems more adequate.
In field studies, a variety of factors such as competition for space and predation (Ayllón et al., 2013; Kaspersson et al., 2013) , temperature (Lecomte and Laplanche, 2012; Moore et al., 2012) , climate change (Comte et al., 2013) , presence of waterfalls or dams and flow variability (Fjeldstad et al., 2012) , changes in habitat structures (Muotka and Syrjänen, 2007) and stochasticity are shown to affect the abundance and the distribution of fish. Each of these factors can influence the relationship among the density of organisms and the habitat characteristics, inflating variability.
Thus, it is often very difficult to disentangle the different sources of variation in the organism density and abundance along gradients using methods based on models testing hypotheses about central tendency of response (e.g. ANOVA, ordinary least square regression) that set aside the concurring role of other unmeasured factors (Austin, 2007) .
From the ecological point of view, testing hypotheses about the environmental gradients as limiting factors or constraints on the density of organisms could be more informative than testing them about "average" responses (Downes, 2010) . Limiting factors typically result in wedge-shaped relationships with small changes in the mean value of the response variable along the gradient of the independent variable, but with large changes at the upper end of the distribution (Kail et al., 2012; Lancaster and Belyea, 2006) .
Quantile regression allows the association of the different rates of change (slopes) to the different parts of the response distribution, being a method for estimating relationships among variables for all the portions of a probability distribution (Koenker and Bassett, 1978) . This statistical tool was introduced in ecology by Cade et al. (1999) and can be used to test the role of environmental factors as constraints. Moreover, its application allows the predictions not only of the more probable values of the studied biological metric but also of the maximum or minimum values that could be expected in environmental conditions comparable to the ones used for the model fitting (Cade and Noon, 2003; Doll, 2011; Fornaroli et al., 2015) .
In the Alpine streams and rivers brown trout (Salmo trutta) is commonly considered as the target species for this kind of evaluation. The relationships among the density of brown trout and environmental variables have been deeply studied in freshwater ecosystems (Armstrong et al., 2003; Ayllón et al., 2009; Vismara et al., 2001; Winkle et al., 1998) . Macroinvertebrates are rarely used in habitat-based methods because of the high heterogeneity of the density response along environmental gradients. However, density-environment relationships for macroinvertebrates were produced on the basis of the limiting factor approach (Fornaroli et al., 2015) and can be used, along with the one produced in this work for fish, to better understand the possible changes induced in the biological communities by water management strategies.
In this work we propose a new concept for the identification of optimal flows using the limiting factor approach, the evaluation of basic ecological relationships and the use of the appropriate spatial scale for the different organisms.
Materials and methods

Study area
The study area is the Alpine Valley of the Serio River in northern Italy. It was chosen because it provides a large variety of environmental conditions. The river substratum varies from sand to bedrock including all the intermediate substrate classes with a heterogeneous distribution. Despite the presence of dams, this stretch of the river can be considered to be near-pristine due to the absence of other anthropogenic impacts (Canobbio et al., 2010) . The basin area of the sampling sites ranges from 90 to 268 km 2 , the slope from 1.1 to 2.7%, the elevation from 486 to 773 m.a.s.l. and the Strahler river order number from 2 to 3.
Fish sampling
In order to produce habitat suitability curves, fish sampling was performed according to Mäki-Petäys et al. (1997) and Van Liefferinge et al. (2005) . Electrofishing was conducted (always by the same team) in 13 sites by wading along a section of the river using a generator-powered unit (Honda ELT60 II GI), with a fixed cathode and a 2.5 m anode pole (32 cm diameter anode ring). To minimize the flight bias, which may cause the displacement of individuals from their original position, a modified point electrofishing procedure was used. The activated anode was submerged for several seconds every 0.5-1.0 m (measured between the anode centers of two consecutive 'dippings').
The point of the first sighting of fish was noted with a different reconnaissance symbol (colored stake) in order to know the placement of the different individuals after electrofishing. To avoid faulty observations of habitat utilization caused by the displacement of individuals due to flight from the electric current, each study section was sampled only once with this technique.
Captured trout were measured and assigned to one of three size classes b10, 10-15, N15 cm, roughly corresponding to fish ages of 0+ (fry), 1+ (juvenile), and 2+ (adult) respectively (Mäki-Petäys et al., 1997) before being returned unharmed to the water. Some individuals were also stomach-flushed (Bridcut and Giller, 1995) , and the ingested prey were collected and identified in laboratory.
Characterization of sampling sites, habitat use and availability
After sampling, different habitat descriptors were measured for each individual in order to define the habitat use. We measured water velocity and water depth using a Marsh-McBirney Flo-Mate Model 2000 portable flowmeter. Water velocity was measured at 40% of the depth in order to obtain the mean velocity of the water column in the sampling point.
The substrates were classified as dominant, sub-dominant and matrix as the more abundant, the second more abundant or the finer class which occupies the interstices between the larger sized elements. We expressed their relative abundance in percentage according to the mineral substrate classes provided by the site description protocol in the AQEM Manual (AQEM Consortium, 2002) modified in order to better describe also the fish habitat as follows: Using these three descriptors we derived the maximum substrate size (MSS) and the percentage of fine substrates. MSS was represented by the bigger class diameter among the dominant and sub-dominant substrates. The percent of the fine fraction was obtained summing the relative percentage of substrate classes with size below 0.06 m.
The availability of refugia was also evaluated. Refugia can be vegetation (aquatic or overhanging), wood debris, undercut banks and many others (Allouche, 2002) but in the studied sites the discontinuities in the riverbed profile where the depth of water was higher than 0.30 m and the MSS was N0.5 m (boulders and blocks) were the only available refugia.
After fish community assessment, the sampling sites were further characterized extending the measurement of depth and velocity and the evaluation of substrates and refugia availability to multiple spatial referenced points (from 20 to 40 point per each site) chosen in order to represent the within site variability.
Starting from these series of discrete points of measurement, a 1 m 2 cell map of the distribution for each variable was created using GRASS GIS (GRASS Development Team, 2012) and the inverse distance squared weighting algorithm using the command v.surf.idw. This algorithm fills a raster matrix with interpolated values generated from a set of irregularly spaced vector data points using numerical approximation techniques.
The interpolated value of a cell is determined by values of the 12 nearest data points and the distance of the cell from those input points. In comparison with other methods, numerical approximation allows representation of more complex surfaces, particularly those with anomalous features such as water velocity or substrate diameter. Using the maps of water velocity and depth for each site and considering the river segment features a reclassified habitat map was produced following these criteria: i) if depth was lower than 0.5 m and water velocity slower than 0.3 m/s the assigned mesohabitat was shallow pool; ii) if depth was higher than 0.5 m and water velocity slower than 0.3 m/s the assigned mesohabitat was deep pool; iii) if depth was lower than 0.5 m and water velocity higher than 0.3 m/s the assigned mesohabitat was riffle; iv) if depth was higher than 0.5 m and water velocity higher than 0.3 m/s the assigned mesohabitat was run. These maps were compared with the visual surveys made in the field and the identification of the different habitats was very similar between the two methods. As an example, Fig. 1 shows all the maps produced for one of the sampling sites.
For each habitat in the reclassified map the mean water velocity, depth, fine percentage and MSS were evaluated averaging the values of each cell. Differently, the availability of refugia was calculated by dividing the number of cells classified as refugia for the number of total cells. Each captured fish was then assigned to a specific habitat on the basis of the characteristics noted during the electrofishing and the real position in the sampling site. The abundance of each age class in each habitat was calculated by summing the number of fish captured and dividing the total by the class area.
Calculations
Development of quantitative habitat suitability models
To avoid multicollinearity a selection of variables using Variance Inflation Factor (VIF) were performed before quantile regression analyses (Neter et al., 2004) . The variables were maintained if the VIF values were below 5. Since the wide range of values of raw data all the independent variables were unit-based standardized [X′ = (X − X min ) / (X max − X min )].
The relationships among the dependent and the independent variables were studied at different quantiles (0.50, 0.75, 0.80, 0.85, 0.90) . Usually, hypotheses about the central response of organisms to environmental gradients are tested, although the effects of other variables may influence such response and decrease the fit of the model, which may even become uninformative (Lancaster and Belyea, 2006) . In this perspective, quantile regression, calculated at the extreme quantiles, allows the chosen independent variables to be considered as "constraints" to the distribution of biological communities, without compromising the model causal relationship (Cade et al., 1999) . Regressions of the extreme quantiles characterize the slope and shape of the boundaries of the data, when biological metrics are tested against environmental gradients (e.g., habitat availability). Hence, quantile regression has been used instead of traditional central response models in order to examine with more ease the boundaries of density-habitat relationships, i.e. the upper limits imposed by the limiting factors. We fitted linear, exponential, logarithmic and quadratic curves to the data. We also created a mesohabitat-level dummy variable for evaluate fixed-effects for different intercepts among habitat categories. Thus, three categorical variables (Deep pool, Riffle, Run) for the four habitat categories were included in our models in order to account for their effects on intercept. In summary, we generated 8 univariate models for each pair of the dependent and independent variables, evaluating 4 model forms and considering as present or absent, for each of them, the fixed effect among mesohabitats. The mathematical equations for the model forms are reported in Table 1 .
Later we used the best-fitting univariate models (as a general rule of thumb, the models with w i N 10% of the highest one) to fit multivariate quantile regression models combining the selected variables, considering both the presence and absence of different intercepts for mesohabitats.
The statistical analyses were conducted using the quantreg (Koenker, 2015) package in R Project software (R Core Team, 2015) . For each model a τ-specific version of Akaike Information Criterion, corrected for small sample size (AICc(τ)), was calculated for every studied quantile. The difference between the model AICc(τ) and the minimum AICc(τ) could be used in order to choose the best-fitting model (Δi = AICc(τ) − min AICc(τ)), considering that the model with the lowest AICc(τ) generally provides the best description of the data. Values of Δi ≥ 2 are suggested as a threshold to exclude alternative models; values of Δi b 2 indicate substantial support for the alternative model (Burnham and Anderson, 2002; Johnson and Omland, 2004) . For each model, we reported the Akaike weights (w i ), representing the relative likelihood of a model, given a data set and a set of models (Burnham and Anderson, 2002) . We determined the best models across the studied quantiles by averaging w i for each model from all five quantile model selection analyses (Allen and Vaughn 2010, Fornaroli et al. 2015) .
We used the selected models in order to predict the maximum trout densities along the alpine valley of the Serio river. As all the selected models for density were not better than a constant model at the 10th quantile (for each life stage the constant model at the 10 th quantile was: y = 0), only the upper boundaries, represented by 90 th quantile, were used in order to predict densities. Thus, the 90 th quantile regression estimates can be regarded as 1-side upper 90% prediction intervals where the lower bound is assumed to be 0. As the models were constructed using unit-based standardized variables to address their relative importance, after the selection of the best models we used again raw data to fit the models in order to make predictions using non-standardized variables.
Habitat simulations
We selected 8 sites, different from those used for the suitability evaluation, in order to model the changes induced by flow modifications on physical habitat. The collected data were used as input to simulate the habitat features and availability by PHABSIM (Physical Habitat Simulation Model) (Waddle, 2001 ) which has been used for decades in ecological flow studies.
We identified 2 or 3 representative cross sections in each site (for a total of 21 representative sections). The sections were placed at a distance comparable to the stream width and in order to represent properly the morphological variability, so the distance between sections was not the same in all sampling sites. We carried out several hydro-morphological surveys in order to characterize the flow. In each section we measured water velocity, depth, substrate size and refugia availability every 0.5-1 m. Water velocity and depth measurements were repeated 3 or 4 times with different flows in order to produce a 0.083 ± 0.097 0.023 ± 0.300 0.019 ± 0.042 0.032 ± 0.072 Table 1 Model equations used to describe the effect of a single gradient. /s. The velocity model (VELSIM) was calibrated with a dataset including at least 3 velocity data using the mean-column velocity measurements. Using this dataset, throughout PHABSIM simulation system we were able to produce maps of water velocity and depth for a wide range of discharge in each site. Then, we imported these microhabitat maps and those produced for MSS, fine substrate percentage and refugia availability in R software for subsequent analysis.
Model Equation
As we have done for the suitability evaluation, and using the same criteria, we used the maps of water velocity and depth for each site at each discharge to produce a reclassified mesohabitat map.
For each habitat in the reclassified map the mean water velocity, depth, fine substrate percentage and the MSS were evaluated averaging the values of each cell. Since in those maps each cell area was different from each other we used the weighted mean based on the cell area in order to evaluate the habitat characteristics. The refugia availability was calculated dividing the area of the cells classified as refugia for the total area of the considered habitat. It is important to note that a cell could be considered as a refuge for some discharge but not for others. As previously mentioned, often refugia are represented by streambed discontinuity but only when the water depth is over 0.3 m. That's why the distribution of refugia is not constant with varying discharge (as the fine percentage and maximum substrate size are) but varies with it.
Habitat availability evaluations
We have defined as microhabitats a portion of the river that has dimensions of one square meter and may represent fairly homogeneous habitat for macroinvertebrates, conversely we defined four kinds of mesohabitats (shallow pool, deep pool, riffle, run) that may represent fairly homogeneous habitat for trout. Once we obtained a comprehensive view of the modifications in the physical habitat, aggregated at these two spatial levels, we proceeded with the evaluation of the suitability for biological populations.
We modeled the potential abundances of six macroinvertebrate families (Leuctridae, Heptageniidae, Baetidae, Limnephilidae, Chironomidae, Limoniidae) using the density models developed in Fornaroli et al. (2015) . We evaluated the potential density (ind/m 2 ) in each cell of each site for each discharge and, multiplying this value for the cell area and summing the obtained results, we were able to provide a potential number of individuals in each site for each discharge.
We used the density models developed in this work to evaluate the potential density of each class of age of brown trout in each habitat per site. Then we multiplied the predicted maximum density for the habitat area and we summed the results obtained for all the habitats within a site.
Habitats were classified and described according to the same criteria used during the analyses of field data for the development of density models.
Throughout these procedures we were able to predict the maximum number of organisms (macroinvertebrate and fish) in each site at each discharge.
Optimal flow definition
For each site the considered discharges ranged between 0.050 m 3 /s and the mean annual discharge. The mean annual discharge in each site was calculated using the regionalization procedure developed by Lombardy Region (PTUA, 2006) . This procedure, starting from the measured discharge in a downstream section, estimates the mean values of the average annual flow per unit area, scaled according to the average annual rainfall on the respective sub-basins.
The habitat availability -discharge relationships were evaluated by fitting a spline function for each species in each site to the output of the model and using it for making prediction for every 0.050 m 3 /s in the considered range. For optimal flows definitions in each site we consider only the life stages that show increase in available habitat bigger than 100% along the flows gradient, values and equation are reported in Table 4 . We considered as the most suitable condition for trout development all the discharges that originated a value of habitat availability higher than the median one, for all the considered life stages. In order to select those Table 3 Variable selection results for each brown trout life stage (adult, juvenile, fry). Variable selection was performed using Akaike weights (w i ) averaged from small-sample Akaike information criterion AICc(τ) selection of quantile regression models. For each selected variable are also listed its respective shape and the mesohabitat effect ("+": different intercepts among mesohabitat, "−": same intercept for all the mesohabitat). Only the models with the 5 highest average Akaike weights (w i ) are shown. discharges we used, for each life stages, the following equation:
where Q opt are the optimal flows for fish, Q are vectors of modeled discharge, HA are vectors of available habitat. Once that we select a range of optimal flows for each life stage we combine the results maintaining only the flows that were selected for all the life stages modeled in that site.
The habitat availability and so the potential abundance of the studied macroinvertebrate families were transformed in the potential dry weight of trout prey using the equations available in Towers et al. (1994) , Nyström and Pérez (1998) , Stoffels et al. (2003) , Canobbio et al. (2008) and summing the results for all the six families. Fig. 2 . Quantile regression models for brown trout densities (n = 73) used for making predictions: (A) adult, (B) juvenile, (C) fry. Lines and surfaces represent 90 th quantile regression models.
The acceptable flows are the ones defined as suitable for all the life stages of trout and, inside that range, the flows that maximize the macroinvertebrate (prey) availability are supposed to be better.
Results
Habitat suitability models
In the 13 sampled sites, a total of 73 different habitat units were characterized. This information is entirely reported in Appendix A and summarized in Table 2 .
The measured environmental variables did not show relevant multicollinearity as all the VIF value were below 2 and the value above which multicollinearity is held significant is 10 (O'brien, 2007) .
The relationships among the density of the three considered brown trout life stages and the five measured environmental variables were analyzed and the selection results are reported in Table 3 , the estimated parameters and confidence intervals for the selected 90th quantile regression models are reported in Appendix B.
Regarding adult brown trout densities, the model considering refugia availability as the independent variable and accounting for mesohabitat effect was selected as the best one (averaged w i = 0.297). The function that best described the effects of refugia was the linear one. Densities of adult brown trout increased with increasing refugia availability ( Fig. 2A) . At microhabitat scale (small-scale b1 m 2 according to Bult et al., 1999) , this could depend on the trend of fish to maximizes their energy gain by maintaining focal positions in low velocities (in this case close to the refugia) adjacent to a high velocity current that supplies drift prey at a relatively high rate, as suggested by Fausch (2014) . In this perspective it is clear that refugia availability is a key factor in the studied system. The more suitable mesohabitat for adult brown trout were deep pools followed, in order, by shallow pools, riffles and runs.
In many studies (Muñoz-Mas et al., 2012; Strakosh et al., 2003; Vismara et al., 2001) water depth plays an important role in the definition of habitat suitability for brown trout, our results shows that this effect could be enhanced by the fact that higher depth make new refugia available and also by the fact that deep pool habitat is the preferred mesohabitat.
Conversely, the model considering water depth and MSS as the independent variables and accounting for the mesohabitat effect was selected as the best (averaged w i = 0.339) for describing juvenile brown trout densities. The effect of water depth gradient was best described by the quadratic function with lower values of density for depth lower than 0.3 m and higher than 1 m. Also the effect of MSS was best described by the quadratic function which predicts higher densities for intermediate size (Fig. 2B) . Also in other studies juvenile trout seems to prefer intermediate substrate dimension (Hesthagen and Heggenes, 2003; Louhi et al., 2014; Mäki-Petäys et al., 1997) , probably because intermediate gravel provides better cover in the interstitial spaces among particles. At the same time adult fish require larger interstitial spaces and, thus, are more abundant in refugia. The more suitable mesohabitats for juvenile brown trout were shallow pools followed, in order, by runs, deep pools and riffles.
The densities of brown trout fry were more consistently represented by a multivariate model. The model considering water depth and fine substrate percentage simultaneously, and accounting for the mesohabitat effect (averaged w i = 0.332), was selected as the best performing. The functions that best described the effects of fine percentage and water depth were respectively the exponential and the logarithmic one. The higher values of density are predicted for habitat with high percentage of fine substrate and shallow water (Fig. 2C) , as also reported by Armstrong et al. (2003) . The more suitable mesohabitat for fry brown trout were shallow pools followed, in order, by riffles, deep pools and runs.
Macroinvertebrates are recognized as the main food source for trout in the studied system and in many others (Eros et al., 2012; Sánchez-Hernández and Cobo, 2012) . The stomach content analyses revealed that most of the prey (87%) belongs to larvae of the families: Leuctridae (1%), Heptageniidae (5%), Baetidae (44%), Limnephilidae (31%), Limoniidae (1%) and Chironomidae (5%). Models able to predict the densities of those macroinvertebrate families in the Serio river were produced (Fig. 3) and will be used along those produced for fish in order to define the optimal flows that takes into account the effects of both habitat and prey availability. The models selected to explain the densities of all macroinvertebrate families consider velocity as a main driving force (both in univariate or bivariate models). Macroinvertebrate densities increase with velocity or, in the case of Baetidae and Limoniidae, are greatest for intermediate velocities.
Optimal flows
Habitat availability patterns were generated by the different effects of flow-dependent depth and velocity variations, but also by the substrate characteristics of the gained or lost river bed and later a range of flows that maximize the habitat availability for the different life stages of brown trout were obtained for each modeled site. The area of available habitat in each site, for the different life stages, can increase up to three times (Table 4) in the consider range of flows. Habitats for adult brown trout are the most influenced by flows (Figs. 4 and 5) showing a within-site percentage increase of 156 ± 77 (mean ± sd). Fry brown trout habitats are also related to flows 123 ± 97 percentage increase and low flows conditions provide always more suitable habitat than normal flows conditions. Juvenile brown trout habitats are less related to flows 58 ± 28 percentage increase and consequently were excluded from the optimal flows calculations for 7 on 8 sites.
The abundance of the macroinvertebrates, and hence their dry biomass, increases monotonically with increasing discharge, in all the studied sites. These results are driven by the suitability models for the macroinvertebrates that predict higher densities in high velocity habitats, such as riffles and run, for almost all the studied families (Fornaroli et al., 2015) .
Across the modeled sites, between the minimum and the maximum optimal flows selected for trout, the dry biomass of macroinvertebrate increases by 141 ± 183% (Table 5 ). This means that the available energy can increase N 2 times inside the range of flows that preserve most of the habitat for fish. In order to provide a single value of optimal flow, we selected the ones that maximized the macroinvertebrate biomass that correspond to the right hand hedge of the boxes in Fig. 5 .
Discussion
Among the modeled sites, higher invertebrate production occurred in mesohabitats with greater water velocities, such as riffles and runs, while fish density increased in pools and near the refugia where the trout could find better cover. In some sites most of the habitats for fish are already available for really low flows, while, on the contrary, the macroinvertebrate biomass always increases with increasing flow, as shown in Fig. 5 . Macroinvertebrates are always important as prey for trout and our results highlight and quantitatively describe the different needs of prey and predators.
In our analyses, we found that the factors limiting the densities of trout were water depth, substrate characteristics and refugia availability. For all the life stages, the selected models considered simultaneously more than one variables and implied that the suitability changes among ⁎ Excluded from optimal flow analyses. Fig. 4 . Trends in mesohabitat availability and total wet area in the 8 modeled sites.
mesohabitat. The availability of refugia, evaluated as the fractions of available habitat that were characterized by discontinuity in the riverbed profile, where the depth of the water was over 0.30 m and the MSS was N 0.5 m, had a significant effect only on adult trout densities. In fact, adult trout densities were greater in habitat with a greater proportion of refugia. Beside this habitat availability simulations shown different patterns in the different sites probably depending on the different mesohabitats gained or lost with increasing flows. This imply that the generalization of flow effect on habitat availability for adult trout is difficult because it strictly depends on the hydromorphological and hydraulic characteristics of each site. On the other hand the density of juvenile brown trout were higher in habitats characterized by MSS between 0.4 and 0.7 m, and as also for fry, shallow pools habitats could provide a better environment than others. Moreover the densities of brown trout fry increased in habitats with a great proportion of fine substrate. As a consequence, the habitat availability for young brown trout and fry decreases along with the decrease in shallow pool habitats in all the modeled sites. For flows over 50% of the mean annual discharge, most of the physical habitat for these life stages could be lost (Figs. 4 and 5 ).
Conclusions
Habitat models that predict flow-related changes in productivity are usually used for the definition of environmental flows, and thus the information they provide must be as accurate as possible and useful for the water managers. In our study we developed density-environment models for different life stages of brown trout at the mesohabitat scale. This improves in different ways the estimate of available habitat:
• the spatial scale of the data used for developing the biological models was the same used for making predictions; • the different behaviors of the different life stages were taken into account and the optimal flows were defined on the basis of the needs of the different life stages; • the changes in the available macroinvertebrate biomass were evaluated considering macroinvertebrates as the main food source for trout.
The trout number increased rapidly till a defined flow, under which the velocity remains quite low and the gained area is, at least in part, suitable. Above such threshold, mesohabitats switch from pools to riffles and runs that are less suitable for all the life stages.
Besides that, macroinvertebrates show a completely different pattern. In all the study sites the total density and biomass of the considered macroinvertebrate families always increased with increasing discharge. Modeling the habitat suitability of both trout life stages and their macroinvertebrate preys showed that habitats providing cover for feeding trout can be spatially separated from the habitats that provide the invertebrate food supply.
These findings should be taken in account as they have implications in flow management. On one hand, choosing an optimal flow that maximizes both habitat suitability for trout and invertebrate biomass at the same site, as we did in this work, allows to minimize the energetic trade-off that trout have to pay in order to forage when they leave their holding habitats. On the other hand, it is possible to consider a different spatial scale and to maximize only the holding conditions for trout in a given site, while most of the food production and, thus, the foraging can occur outside that site.
Looking at the limiting response of densities to flow-related variables seems a promising approach. This approach not only deals directly with density dataset, but involves also a different kind of interpretation of the relationships between available habitat and flow.
As physical habitat is a necessary, but not sufficient condition for the development and survival of fish, the results of habitat based models may best be viewed as indicators of population potential, in systems where the habitat conditions described by the models are the major population constraints. However, prey availability is always important for fish and our work shows clearly that taking into account the effect of flows management on macroinvertebrate population is fundamental in order to improve the assessment of optimal flows.
Supplementary data to this article can be found online at http://dx. doi.org/10.1016/j.scitotenv.2016.06.047.
